Background--Atrial tachycardia (AT) is common in patients with adult congenital heart disease and is challenging to map and ablate. We used ultra-high-density mapping to characterize the AT mechanism and investigate whether substrate characteristics are related to ablation outcomes.
adult congenital heart disease population; to characterize the mechanism of atrial tachycardia (AT); and to investigate whether differences in arrhythmia mechanism/substrate and scar burden are related to outcomes.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Patients
All consecutive adult patients with congenital heart disease, who had ultra-high-resolution automatic mapping and ablation for AT from October 2014 until February 2017, were included in the study. Patient demographics, history, and periprocedural data were collected from hospital records in retrospect. The complexity of the congenital heart disease was classified according to the Bethesda classification. 7 Three-dimensional maps were analyzed offline blinded to the clinical outcome. All patients gave written informed consent for the data to be included in the study. The study was approved by the National Research Ethics Committee.
Procedures
All procedures were performed on uninterrupted warfarin, and direct oral anticoagulants were minimally interrupted.
Antiarrhythmic drugs except amiodarone were routinely interrupted for 5 half-lives before the procedure with the exception of patients with previous history of hemodynamic compromise during tachycardia. In the latter cases, the decision regarding antiarrhythmic drugs was tailored from minimal to no interruption. Intravenous heparin was given after femoral venous access to achieve and maintain an activated clotting time >350 ms throughout the procedure. A deflectable decapolar catheter was advanced in the coronary sinus or other stable anatomical position when the coronary sinus was not available. The multipolar basket catheter (IntellaMap Orion catheter, Boston Scientific) was advanced to the right atrium/systemic venous atrium/ common atrium for mapping. In case of mapping the left/ subpulmonary venous atrium, a transseptal or transbaffle puncture was performed using standard technique. Long sheaths (either Agillis-Saint Jude Medical, SL0 8.5F-Saint Jude Medical or Mullins 9F-Medtronic) were used to deliver the multipolar basket catheter. Ultra-high-resolution voltage and activation time maps were acquired to guide radiofrequency ablation at 20 to 40 Watts, using a 4-mm tip ablation catheter (Blazer or Intellanav open irrigated ablation catheter, Boston Scientific). Programmed electrical stimulation was attempted after achieving sinus rhythm until no mappable atrial arrhythmia was inducible.
Ultra-High-Density Mapping
The ultra-high-density mapping system is described in detail in previous publications. 5, 8 In brief, it utilizes a 
Complex, n=10
Fontan (3) TGA (2) Single ventricle+TGA+common atrium/single ventricle ASD+VSD (2) VSD/Eisenmenger (1)
Pulmonary stenosis-ccTGA/pulmonary atresia (2) Moderate, n=5 AVSD repair (2) Coarctation repair, residual VSD (1) Ebstein's anomaly (1) Cor triatriatum repair (1) Simple, n=5 ASD surgically repaired (3) Valvular defects/Ross procedure (2) ASD indicates atrial septal defect; AVSD, atrioventricular septal defect; cc, congenitally corrected; TGA, transposition of the great arteries; VSD, ventricular septal defect.
Clinical Perspective
What Is New?
• Low voltage area identified with ultra-high-density mapping, but not dense scar area or chamber volume was smaller in adults with congenital heart disease with a single atrial tachycardia.
• Adults with congenital heart disease with larger low voltage area had complex atrial tachycardias, longer procedure duration, and worse acute and midterm outcomes.
• Low voltage area indexed for volume relates to the clinical success of catheter ablation of atrial tachycardia.
What Are the Clinical Implications?
• Our findings suggest that atria with higher burden of low voltage area are more likely to maintain atrial tachycardia even when the clinical tachycardia is successfully ablated by lending a different atrial channel of low voltage to serve as the critical isthmus of the circuit.
• Increased atrial volume is not related to poor outcome unless the low voltage burden is high. Table 2 . Termination on ablation, noninducible No recurrence at 10-mo follow-up multipolar minibasket mapping catheter that rapidly collects anatomical and electrical data within the chamber of interest, which are automatically annotated. During tachycardia, all beats are scanned for eligibility. The atrial electrograms of interest are only accepted and annotated when fulfilling the following criteria: (1) a stable cycle length (CL); (2) stable timing difference between 2 reference electrodes; (3) respiration gating; (4) stable catheter location; (5) stability of catheter signal compared with adjacent points; and (6) tracking quality. The automatic annotation is based on 2 different reference electrograms that are usually collected from a decapolar catheter within the coronary sinus or other stable location. Incorrect automatic annotation was previously reported to be as low as 0.02% and all points were easy to identify because of inconsistent color-coding on the high-density maps. 5 Therefore, manual re-annotation of points was not performed in this study. 
Definitions
An induced AT was considered clinical when it had the same Pwave morphology and CL compared with the documented clinical tachycardia. Each procedure was categorized according to complexity in 2 groups: Group A (single AT) consisted of all procedures where 1 AT was induced and mapped and Group B (multiple ATs) consisted of all procedures where 2 or more ATs were induced and mapped. All ATs were classified to macro re-entry, localized re-entry, or focal according to standard definitions as follows: (1) macro re-entry: Clear macro-reentry circuit with coverage of >90% of CL mapped around an anatomical obstacle or scar (ie, cavo-tricuspid isthmus [CTI]-dependent flutter, atriotomy scar-dependent flutter, etc). This included dual loop re-entry when there were 2 loops (figure-of-8) mapped from the same tachycardia (ie, CTI and atriotomy scar AT); (2) localized re-entry: when >90% of the AT CL was mapped in a small area and the rest of the chamber showed a centrifugal activation from this area; (3) focal AT: AT with centrifugal activation of the chamber from the earliest activation site. The critical isthmus of a macro re-entry tachycardia was recognized as the narrowest or the slowest part of the tachycardia wavefront where ablation affected the tachycardia by termination or change to a different tachycardia. Entrainment mapping was used as per operators choice, as an additional maneuver to confirm the critical isthmus sites, but it was not systematically applied; therefore, data regarding entrainment were not collected in the offline analysis.
Offline Analysis
All maps of the clinical tachycardias were reviewed offline and the following predefined measurements were taken: (1) total volume of the chamber of interest mapped calculated automatically by the system; (2) dense scar area, defined as voltage <0.05 mV, was quantified with the surface measurement tool by adding all distinct areas of voltage <0.05 mV; (3) low voltage area, defined as voltage 0.05 to 0.5 mV, was calculated by adding all distinct areas of voltage <0.5 mV and then subtracting the dense scar area; (4) indexed dense scar area (cm 2 /mL) and (5) indexed low voltage area (cm 2 /mL) were calculated by dividing the dense scar or low voltage area accordingly by the volume mapped; (6) length of the critical isthmus was measured from the point where the wavefront enters the isthmus until the point where the wavefront exits the isthmus; (7) the slowest conduction velocity within the critical isthmus was measured at the site of the slowest conduction using the following technique as previously described: The time color map was manually adjusted to show activation in steps of 10 ms, then the shortest distance covered in 10 ms within the critical isthmus was found and measured. This distance in mm was divided by the time, namely, 10 ms, to calculate the velocity in m/s. 9 
Acute Outcomes
Successful ablation of each AT was defined as the termination or change to a different AT during ablation and/or noninducibility of the targeted tachycardia postablation. A tachycardia change to a different AT was defined as >10% change in CL following ablation and a change of either the intracardiac electrograms activation pattern or P-wave morphology. A procedure was considered to be acutely successful when achieving sinus rhythm with noninducibility of any tachycardia.
Midterm Clinical Outcomes
Midterm follow-up data were collected via routine follow-up clinic letters and cardiac implantable electronic devices for a period of at least 3 months up to 12 months postablation. . First a CTI line was deployed and the atrial tachycardia (AT1) P-wave morphology changed to AT2; however, the cycle length (CL) remained the same. C and D, The voltage map and activation after the cavo-tricuspid isthmus (CTI) was ablated, with arrows showing the area of slow conduction (critical isthmus) and the corresponding fractionated electrogram. A linear lesion between the atriotomy and the inferior vena cava was deployed followed by tachycardia termination and noninducibility.
A procedure success was defined as the absence of documented sustained AT (>30 s).
Statistical Analysis
Statistical analyses were performed with SPSS version 21. All continuous variables were reported as median (25th-75th percentile). Categorical variables are reported as percentages and absolute numbers. Comparisons between 2 groups were done with the Wilcoxon rank-sum test. Categorical variables were compared with Fisher exact test (2-sided). Kaplan-Meier survival analysis was applied to show differences in freedom from arrhythmia recurrence between groups. Receiver operating characteristic curve analysis was applied to determine the best cutoff value of indexed low voltage area to predict recurrence. Results were considered statistically significant if P<0.05.
Results

Patients
Twenty patients (10 female, median age 44 years, interquartile range 40-54) had a total of 23 ablation procedures (3 patients had 2 procedures). Types of congenital heart disease according to the Bethesda classification are listed in Table 1 . Ten patients had complex congenital heart disease, 5 had moderate, and 5 had simple congenital defects. All but 2 patients were already treated with antiarrhythmic medication and 15/20 patients had previous electrophysiological studies and ablation or surgical ablation (7 patients had more than 1 previous ablation procedure) for atrial arrhythmias. All but 2 patients had previous cardiac surgery.
Procedures
In total, 23 AT ablation procedures were performed. Median procedure duration was 184 (155-298) minutes and median fluoroscopy time was 13 minutes and 26 s (10:10-26:40).
There was 1 procedure-related complication, specifically, retroperitoneal bleeding attributed to failed attempts to cannulate the right femoral vein, which was completely occluded with collaterals. The access was then achieved from the left femoral vein. This complication was managed conservatively with blood transfusion and no surgery was required.
Anatomical Challenges
In 2 cases the coronary sinus was not accessible and the decapolar reference catheter was placed in the right atrium around the tricuspid annulus or close to the atriopulmonary connection in a patient with Fontan anatomy. In all cases the multipolar basket catheter was successfully delivered via either a deflectable or a nondeflectable long sheath and then fully deployed in the chamber of interest. The catheter maneuvered freely and adequately collected mapping information from all areas of the chamber. In 1 case, the access to the chamber of interest required a transbaffle puncture (Dextro-Transposition of the Great Arteries and previous Mustard operation) and the multipolar basket catheter was advanced to the subpulmonary venous atrium in a deflectable sheath in its undeployed state.
AT Number and Mechanisms Per Procedure
A total of 50 ATs were mapped in 23 procedures. Details on the congenital cardiac defects, past surgeries, and ablation procedures and the latest procedure outcomes are summarized in Tables 2 and 3 . MAPCAs, and segmental pulmonary hypertension. He had previous ablation for left atrial tachycardia. Activation map during tachycardia shows a localized re-entry in front of the right pulmonary veins with a critical isthmus of slow conduction and figure-of-8 re-entry around a small area (Video S1). On the left panel, the corresponding electrograms in the entry, mid, exit, and outer loop covering 100% of the tachycardia cycle length (see activation video as supplemental material). LUPV indicates left upper pulmonary vein; MAPCAs, major aortopulmonary collateral arteries; RLPV, right lower pulmonary vein; RUPV, right upper pulmonary vein.
isthmi of slow conduction, the CTI and an isthmus of slow conduction between the atriotomy scar in RA free wall and the inferior vena cava, or the tricuspid annulus (Figure 2) . In 8/10 cases the isthmus conduction block was confirmed with focused remapping of the isthmus area postablation (Figure 3 ). 2. Localized re-entry (n=2, CL 280 and 446 ms, electrograms 5793 and 15 668 accordingly) within a low voltage area in the pulmonary venous atrium in a patient with Mustard procedure, and within a low voltage area in front of the right pulmonary veins in a patient with pulmonary atresia. Both patients had previous ablations in the same chamber ( Figure 4 , Video S1).
Acute success was achieved in 100% of procedures in Group A. Midterm success was 92% (1 recurrence). . In 5/6 cases the patients had previous ablation in the same chamber, involving either complex fractionated atrial electrograms ablation for atrial fibrillation or linear lesion ablation for macro re-entrant tachycardia. In 2/6 cases the patient had atrial fibrillation in the same case. Half of the focal ATs were terminated to sinus rhythm during ablation. The rest of the focal ATs were either nonsustained (n=5), mechanically terminated (n=1), or cardioverted with direct current (n=1) and the ablations were delivered in sinus rhythm to monitor atrioventricular conduction. One patient from this group had a second ablation within the study period that was again not successful in the midterm. This was attributed to the possible epicardial focus of the AT and the earliest site of activation being in proximity to the phrenic nerve, thus limiting the radiofrequency energy delivered ( Figure 5 , Video S2). 2. Multiple re-entry ATs (n=5); In 5 procedures (3 patients) more than 1 distinct macro re-entry ATs were mapped during each procedure (Figures 6 and 7 
Group B: multiple ATs
AT Substrate Characteristics
Differences between group A and B in patients' demographics and substrate characteristics are presented in dense scar, and volume of the chamber of interest were similar between groups. Other substrate characteristics such as critical isthmus length and isthmus conduction velocity were also similar between the 2 groups. Receiver-operating characteristic curve analysis revealed that the Indexed low voltage area was able to predict recurrence (area under the curve 0.923, P=0.007) and the best cutoff values were ≥0.24 with 100% sensitivity and 77% specificity and ≥0.39 with 60% sensitivity and 100% specificity (Figure 8 ).
Clinical Outcomes
Acute success was 100% in group A versus 77% in group B (P=0.009). Midterm clinical success was 92% in group A versus 36% in group B (P=0.009). Kaplan-Meier survival analysis showed longer freedom from arrhythmia recurrence for procedures in group A compared with group B (11.3, CI 9.8-12.7 versus 4.9, CI 2.2-7.6 months, log rank P=0.004) (Figure 9 ).
Discussion
The prevalence of atrial arrhythmia increases considerably when patients survive longer as a consequence of improved surgical and clinical care of congenital heart disease. 10 Catheter ablation offers an opportunity to obliterate the Figure 6 . Multiple re-entry circuits in a patient with tricuspid atresia and atriopulmonary Fontan operation. Top row: the voltage map in the middle shows 2 channels that serve as critical isthmis (white arrows) for AT1 (local activation map on the left) and AT2 (local activation map on the right). AT1 was initially ablated in the critical isthmus indicated by the map on the left; subsequently it changed to AT2, a tachycardia with shorter CL with the critical isthmus shown on the right top row. After ablation on this site, AT3 was induced (left-bottom row) with a critical isthmus formed in a small area within the area that was ablated for AT1. Further ablation there resulted in AT4, a tachycardia with opposite direction of the wavefront (counterclockwise) and a critical isthmus formed within a channel lower to the previous ablation site. AP indicates atriopulmonary; AT, atrial tachycardia; CL, cycle length; IVC, inferior vena cava; RA, right atrium.
arrhythmia circuits and/or foci, although this can be challenging in some cases. This study is the first to assess the underlying substrate of the atrial tissue using ultra-highdensity mapping with the following novel findings: (1) Patients who had a single AT induced and mapped with ultra-highdensity mapping (Group A) had smaller low voltage area and indexed low voltage area but similar dense scar area and volume of the chamber of interest compared with patients who had multiple ATs induced and mapped (Group B). (2) The ATs in group A were easier to map and ablate with shorter procedure duration and better acute procedural and midterm clinical outcomes. (3) Indexed low voltage area, but not indexed dense scar or volume of the chamber of interest relates to the clinical success of catheter ablation of AT. Catheter ablation is recommended for the treatment of AT in adult congenital heart disease. 2 The acute success rate was previously reported at 75% to 81% and the longer-term success seems to vary considerably in recent studies from 45% to 92%, with most of the recurrences happening within the first year. [11] [12] [13] Our study showed an overall acute procedural success rate of 87% and midterm clinical success rate of 65%. The acute procedural and midterm clinical success rates were higher (100% and 92%, respectively) in the cases with less extensive low voltage area, which presented with single AT (Group A). However, the acute procedural and midterm clinical success rates were much lower (77% and 35%) in the cases with larger low voltage area, which presented multiple focal or multiple macro re-entry ATs (Group B). Among other factors leading to the worse outcomes in Group B are the temporal instability of ATs and the presence of multiple channels of slow conduction. Although our study included only a modest number of patients and our follow-up is relatively short, we showed for the first time that the extent of low voltage area but not dense scar is higher in the patients who present with multiple ATs and that Indexed low voltage area (but not indexed dense scar) is higher in patients who have recurrence within the first year of catheter ablation ( Figure 10 ). The percentage of patients with complex congenital defects was similar between Groups A and B (42% versus 55%, respectively P=0.68), implying that the underlying complexity of the structural congenital defect was not necessarily related to the 
Value of Ultra-High-Density Mapping in Identifying the Arrhythmia Mechanism
In our cohort the ultra-high-density mapping system was able to localize and characterize the critical isthmus of a single macro re-entry and dual loop re-entry or localized re-entry AT and to guide successful ablation. This can be attributed to 3 main characteristics of the mapping system: (1) the accurate automatic acquisition and annotation of electrograms (no need for manual re-annotation of points) that achieves high density of points in relative short mapping times; (2) the ability to record low voltage electrograms with very low noise levels (0.011AE0.004 mV in human atria 9 and <0.01 mV in canine atria 4 ) that achieves very high resolution; and (3) the ability to allow a quick remap of the critical area postablation to confirm conduction block along the ablation line. Activation mapping in this cohort successfully identified localized re-entry as a mechanism of AT in 2 cases. A previous study has shown that ultra-high-density mapping with the 64-pole basket catheter gives a detailed substrate and activation definition and it was able to differentiate carousels that are true localized re-entry circuits from pseudo re-entry. 14 A study using point-by-point, nonautomated 3-dimensional electroanatomical mapping reported high success rates of catheter ablation in congenital heart disease attributed by the authors to the correct setting of the window of interest. 15 Although the identification of the critical isthmus of macro reentrant ATs can be achieved using other mapping systems as well, ultra-high-density mapping offers much more detailed substrate information, which may provide insight not only on the mechanisms of tachycardia but also the underlying tissue voltage characteristics that may relate to the propensity of arrhythmia recurrence.
Tachycardia Mechanism and Ablation Outcomes
In cases of a single macro re-entry or localized re-entry circuit, the ablation was acutely successful and showed improved midterm freedom from arrhythmia recurrence. In multiple focal or multiple re-entry ATs, the acute procedural and midterm clinical outcomes of ablation were not as good and this may be attributed to inherent difficulties in mapping such as instability of the tachycardia, higher likelihood of mechanical termination of focal ATs, and safety issues that may discourage the ablation on the site of earliest activation (such as proximity to the phrenic nerve and the intrinsic conduction system). Multiple re-entry ATs are related to large areas of low voltage with various channels of slow conduction that might lend themselves as isthmi for the next re-entry circuit after the first AT is successfully ablated (example in Figures 6 and 7) .
Clinical Implications
In our cohort almost half of the procedures involved multiple focal or re-entry circuits (group B). The procedures in group B were longer in duration and had worse acute procedural and midterm outcomes compared with group A. Total low voltage area was 2.2 times larger in group B but dense scar area and total volume mapped were not significantly different between groups, suggesting that atria with higher burden of low voltage areas are more likely to maintain AT even when the clinical tachycardia is successfully ablated by lending a different atrial channel of low voltage to serve as the critical isthmus of the circuit. In cases with multiple focal ATs, the increased burden of low voltage is probably related to increased atrial tissue heterogeneity and nonuniform conduction contributing to triggered activity 16 or micro re-entry at a cellular level, not discernible even with ultra-high-density mapping. In our cohort, increased chamber volume does not seem to be related to poor outcome unless the low voltage burden is high. Indexed low voltage area equal to or larger than 0.24 cm 2 /mL can predict recurrence within the first year with 100% sensitivity and 77% specificity. On the contrary, ultra-high-density mapping in cases with a single AT identified correctly the sites for successful ablation and was used to prove bidirectional block of linear lesions leading to improved acute and midterm outcomes. We believe that all ablation lesions should be as complete as possible to ensure transmurality and durability; for instance, the linear lesions must be assessed for bidirectional block. Suboptimal ablation may inadvertently extend the low voltage areas with electrically conducting channels in-between and subsequently increase the tissue ability to perpetuate further atrial arrhythmias.
Limitations
This study was not prospective and the offline measurements were done in retrospect; however, the researcher collecting the information was blinded to the midterm clinical outcome. Unstable CL may impose a challenge to any automated annotation platform. In the mapping system used in the current study, the "CL" parameter of the beat acceptance criteria can be adjusted either to restrict the system to map the precise AT 1 at a time (with a tight CL window) or alternatively, if the variation of CL is small, typically in focal AT, it can be adjusted to map with a wider CL window. The number of patients and procedures is modest; therefore, multivariate analysis and identification of predictors of outcome were not feasible. There was no comparison to other mapping systems. The group of patients studied is heterogeneous because it comprises various congenital heart defects and the number of cases in each group is relatively small; therefore, analysis of the mechanisms of AT by congenital defect was not possible. Many of the patients included in this study had previous catheter or surgical ablation in our or in different centers but substrate and tachycardia maps were not available to include in the current study. Therefore, we cannot comment on the possible contribution of previous ablation procedures to the results of our study. Whether our findings are applicable to patients without congenital heart disease or patients with simple lesions (such as atrial septal defect) without previous surgical intervention needs to be carefully studied in the future.
Conclusions
There are significant differences in the underlying atrial substrate, revealed by ultra-high-density mapping, between patients who have congenital heart disease and who present a single versus multiple ATs during catheter ablation B A D C Figure 10 . In top row, bars represent medians of low voltage area (A) and dense scar (B) in groups A and B. There was a larger low voltage area (P=0.014) but not larger dense scar area in the procedures where 2 or more ATs were induced (B) as compared with Group A. In bottom row, bars represent medians of Indexed low voltage area (C) and indexed dense scar area (D) in the procedures that were successful in the midterm vs those that were not. There was a higher indexed low voltage area (P=0.004) but not indexed dense scar in the procedures that were followed by recurrence in the midterm. AT indicates atrial tachycardia.
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procedures. Low voltage area and indexed low voltage area, but not dense scar or chamber volume, are larger in the patients with multiple ATs that are subsequently related to worse acute procedural and midterm clinical outcomes. The complexity of the electrical substrate rather than the structural congenital defects appears to associate with the atrial arrhythmia burden and procedural and clinical outcomes.
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